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INTRODUCTION 


's'  This  report  Is  the  Final  Report  of  a  twelve-month  program  to  develop  an 
analog  optical  repeater  for  a  1  GHz-bandwIdth  recirculating  delay  line.  The  b 

work  was  conducted  at  the  TRW  Technology  Research  Center  with  Dr.  T.V.  Muol 
being  the  principal  Investigator.  The  program  was  completed  In  August  1983. 

The  work  was  sponsored  by  the  Naval  Research  Laboratory  under  contract  number 
N0001 4-82-C -2285 . 

The  work  carried  out  In  this  report  follows  the  previous  phase  of  the 
program  (under  contract  N00014-82-C-2412  with  the  Naval  Research 
Laboratory).  This  previous  contract  Involves  the  analytical  study  of  the 
feasibility  of  realizing  a  1  GHz  bandwidth,  1  ms  delay  time  using  single  mode 
fibers  as  the  delay  medium  In  a  recirculating  configuration.  In  this  report, 
we  extend  the  previous  study  in  order  to  arrive  at  necessary  performance  and 
specifications,  for  the  laser  transmitter,  single  mode  fiber  and  optical 
receiver.  The  trade-off  between  operating  at  1.3  urn  and  1.55  urn  wavelength 
will  be  discussed.  In  addition,  several  key  components  necessary  for  the 
delay  line  realization,  namely  the  optical  receiver  and  laser  transmitter, 
will  be  demonstrated  with  performance  exceeding  the  required  specifications. 

All  this  effort  points  toward  the  practical  feasibility  of  realizing  the  1 
GHz-lms  delay  line. 

In  Section  2,  we  present  the  design  and  experimental  performances  of  two 
prototypes  of  the  low  noise  optical  receiver.  Then  in  Section  3,  the  extended 
system  design  is  reported  together  with  the  key  component  specifications. 

Both  cases  of  1.3  pm  and  1.55  u«n  wavelength  operation  are  discussed.  In 
Section  4,  we  report  on  the  design  and  performance  of  a  laser  transmitter 
breadboard.  Finally,  in  Section  5,  we  present  our  conclusions  and 
implications  of  the  work  carried  out  in  this  report. 


1 


2.  1.3  nm  OPTICAL  RECEIVER  AMPLIFIER 

2.1  Design 

The  1.3  urn  optical  receiver  amplifier  consists  of  a  1.3  «n  p-1-n 
photodiode  followed  by  a  low  noise  receiver  amplifier.  The  two  most  important 
requirements  on  the  receiver  amplifier  are  Its  frequency  response  and  noise 
performance.  The  frequency  response  Is  required  to  be  flat  to  *  0.25  dB  up  to 
1  GHz.  The  Input  equivalent  noise  resistance  averaged  over  the  0-lGHz  band  Is 
required  to  be  greater  than  100  ohms. 

The  receiver  amplifier  design  follows  the  design  carried  out  under  the 
previous  phase  of  the  program  {NRL  contract  number  N00014-82-C-2412  "1  GHz 
Bandwidth  Recirculating  Optical  Analog  Repeater").  A  schematic  of  the 
receiver  amplifier  Is  shown  In  Figure  1.  The  amplifier  configuration  Is  based 
on  the  design  technique  of  mismatching  Interstage  coupling  so  that  effects  of 
stray  capacitances  are  minimized.  The  first  stage  is  a  shunt -feedback 
transimpedance  stage  with  a  feedback  resistance  of  400  a  nominal. 

Capacitance  Cp  which  Includes  stray  capacitance  of  the  feedback  resistance  is 
used  to  trim  the  amplifier  high  frequency  response.  The  second  stage  has  a 
series-feedback  configuration,  with  a  collector  load  resistance  of  50  ohms  so 
that  a  good  impedance  match  to  the  amplifier  50  ohm  load  Is  obtained.  Both 
transistors  are  silicon  microwave  transistors  (NE64400  from  NEC)  with  cut-off 
frequency  fT  0f  over  10  GHz. 

The  optimum  bias  current  of  the  first  transistor  O2  for  lowest  amplifier 
noise  Is  calculated  to  be  about  3  mA.  However,  In  order  to  avoid  any  possible 
reduction  In  the  transistor  current  gain  g  and  cut-off  frequency  fj  at  low 
bias  currents,  the  collector  bias  current  of  Qi  Is  chosen  to  be  5  mA.  At  this 
off -optimum  bias  point,  the  amplifier  noise  level  is  Increased  by  less  than 
0.4  dB,  which  corresponds  to  only  0.2  dB  In  receiver  sensitivity  for  the  p-1-n 
photodiode.  The  collector  bias  current  of  the  second  stage  transistor  Qg  is 
chosen  to  be  10  mA  to  provide  a  good  dynamic  swing  into  the  50  ohm  load. 
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Figure  1.  Schematic  of  1.3  ym  optical  receiver. 


2.2 


Fabrication 


The  optical  receiver  amplifier  Is  fabricated  using  thin  film  hybrid 
circuit  construction.  The  hybrid  circuit  layout  Is  shown  In  Figure  2  where 
the  circuit  elements  are  Identified,  lnterdlgltated  capacitances  are  used  for 
Cp  and  Cp  so  that  their  values  can  be  trimmed  singly  by  breaking  up  or  making 
wire  bonds  between  various  conductor  pads.  Similarly,  trimming  provisions  are 
also  provided  for  the  collector  and  emitter  resistance  of  the  second  stage  to 
avoid  the  laser  trimming  process.  These  trimming  provisions  are  Incorporated 
at  the  Initial  layout  In  order  to  facilitate  component  value  adjustment. 
However,  It  Is  found  out  by  later  measurements  that  the  amplifier  performance 
Is  relatively  Insensitive  to  their  values. 

Two  prototypes  of  the  optical  receiver  amplifier  are  fabricated.  They 
will  be  referred  to  as  prototype  A  and  B.  Both  prototypes  are  mounted  on 
standard  24  pin  dual-in-line  package  (DIP)  carriers.  A  photograph  of  the 
fabricated  hybrid  receiver  prototype  Is  shown  In  Figure  3.  The  1.3  um  p-1-n 
photodiode  (C30979  from  RCA)  can  be  seen  at  the  left  bottom  corner  of  the 
package. 

The  hybrid  optical  receiver  prototype  Is  mounted  on  a  test  circuit  board 
to  provide  biasing  and  output  signal  connection.  The  schematic  diagram  of 
receiver  prototype  A  (within  dashed  box)  and  the  test  circuit  board  together 
with  circuit  elements  values  Is  shown  In  Figure  4. 

2.3  Experimental  Results 

The  frequency  response  of  the  optical  receiver  Is  measured  on  an  optical 
network  analyzer.  A  block  diagram  of  the  measurement  set  up  Is  shown  In 
Figure  5.  It  Is  based  on  an  electrical  network  analyzer  (HP  850SA)  with  the 
addition  of  an  optical  source  and  a  reference  optical  detector.  The  optical 
source  used  Is  a  1.3  ym  flber-plgtalled  burled-heterostructure  laser  (HLP 
5500  from  Hitachi).  The  frequency  of  the  modulation  Is  swept  from  10  KHz  to 

1.3  GHz.  The  laser  fiber  pigtail  Is  focussed  on  the  optical  receiver 
prototype  under  test.  The  laser  backface  optical  power  Is  focussed  on  a 
reference  1.3  um  p-1-n  photodiode.  This  reference  p-1-n  detector  Is  loaded 


Figure  2.  Thin  film  hybrid  circuit  layout  of  1.3  um  optical  receiver. 


Figure  3.  Photograph  of  1.3  ym  optical  receiver  prototype. 
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Figure  5.  Optical  network  analyzer  set  up  (up  to  1.3  GHz). 


Into  50  ohm  to  provide  a  wide  bandwidth.  Thus  the  reference  p-1-n  diode 
response  Is  a  measure  of  the  laser  transmitter  frequency  response.  Therefore, 
the  frequency  response  of  the  optical  receiver  under  test  can  be  derived  hy 
dividing  the  optical  receiver  output  with  the  reference  p-1-n  detector 
output.  This  division  (or  substractlon  on  a  dR  scale)  Is  done  automatically 
by  the  network  analyzer.  A  picture  of  the  measurement  set-up  Is  shown  In 
Figure  6. 

The  frequency  response  of  the  optical  receiver  prototype  A  Is  shown  in 
Figure  7.  It  can  be  seen  that  the  amplitude  response  Is  flat  to  ±0.25  dB  and 
the  phase  response  is  linear  to  ±2.5  0  over  the  whole  frequency  band  (up  to 
1.3  GHz).  A  significant  contribution  to  the  ripples  seen  on  the  amplitude  and 
phase  response  is  due  to  reflections  and  cross  coupling  of  coaxial  RF  cables 
because  the  ripple  positions  are  different  for  different  cable  lengths.  Thus 
the  Intrinsic  ripple  of  the  optical  receiver  Is  In  fact  better  than  observed 
on  the  network  analyzer. 

Another  plot  of  the  amplitude  response  of  receiver  prototype  A  with 
frequency  is  shown  In  Figure  8.  In  this  case,  the  reference  p-i-n  detector  is 
an  ultra  fast  p-i-n  detector  (QP-100-UHS  from  Lasertron)  with  a  bandwidth 
exceeding  6  GHz.  The  measured  frequency  response  Is  slightly  flatter  than  in 
Figure  7  because  of  a  better  measurement  set  up. 

Since  the  optical  receiver  Is  essentially  flat  up  to  the  high  frequency 
limit  of  this  optical  network  analyzer  set  up  (1.3  GHz),  another  measurement 
set  up  Is  necessary  to  determine  Its  bandwidth.  This  test  set  up  as  shown  In 
Figure  9  consists  of  a  frequency  synthesizer  (HP  8662A)  used  as  a  sweep 
generator  and  a  spectrum  analyzer  (HP  8566A).  The  modulation  frequency  Is 
swept  from  100  HHz  to  2.4  GHz  while  the  spectrum  analyzer  Is  set  for  the  0  to 
2.5  GHz  band.  The  correction  for  the  laser  frequency  response  by  the 
Lasertron  reference  p-1-n  receiver  Is  also  obtained  on  the  spectrum 
analyzer.  The  measured  frequency  response,  shown  In  Figure  10,  Is  thus  the 
response  of  the  optical  receiver  under  test.  It  can  be  observed  that  the 
response  Is  ±  0.5  dB  flat  to  2  GHz,  with  a  3  dR  bandwidth  of  2.2  GHz. 


-  wilV'iii'Sfclfff* 
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Figure  6.  Photograph  of  the  frequency  response  measurement  set  up. 
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1.3  GHZ  ANALOG  OPTICAL  RECEIVER  PHASE  VS  GAIN  2/10/83 


diode  as  reference  detector. 


GHz  ANALOG  OPTICAL  REC  PROTOTYPE  A  3/22/83 


Figure  8.  Frequency  response  of  receiver  prototype  A  using  ultra  fast 
Lasertron  p-i-n  diode  as  reference  detector. 


SPECTRUM  ANALYZER 
HP-8566A 


Figure  9.  Measurement  set  up  for  frequency  measurement  up  to  2.5  GHz. 


Figure  10.  Frequency  response  of  prototype  A  (measured  up  to  2.4  GHz) 


The  optical  receiver  noise  performance  has  also  been  characterized  on  the 
spectrum  analyzer.  Since  the  receiver  output  noise  Is  small ,  It  needs  to  be 
amplified  In  order  to  be  raised  above  the  noise  floor  of  the  spectrum 
analyzer.  A  wideband  10  MHz  -  1.3  GHz  amplifier  module  (HP  10855A)  with  26  dB 
gain  Is  used  to  amplify  the  optical  receiver  noise  output.  The  measured 
amplified  noise  spectrum  Is  shown  In  Figure  11.  The  top  trace  Is  the  receiver 
noise  spectrum  and  the  bottom  trace  Is  the  noise  floor  of  the  HP  amplifier 
module  and  the  spectrum  analyzer.  It  should  be  noted  that  the  roll-off  after 
1.3  GHz  Is  due  to  the  HP  amplifier  module,  as  Is  also  evident  from  the  bottom 
trace.  The  optical  receiver  optical  output  noise  power  can  thus  be 
evaluated.  Thus,  the  Input  equivalent  noise  current  spectral  density  can  be 
determined  by  dividing  by  the  transimpedance  of  the  optical  receiver. 

The  trans Impedance  of  the  receiver  prototype  A  was  measured  to  be  280  a  , 
In  good  agreement  with  computer  simulation.  The  quantum  efficiency  of  the  p- 
1-n  photodiode  Is  approximately  60%,  corresponding  to  a  responsltlvl ty  of  0.6 
A/W.  Thus  the  total  responsltlvlty  of  the  optical  receiver  Is  approximately 
168  volt/watt.  The  transimpedance  Is  chosen  to  be  280  n  nominal  for  the 
simplicity  of  the  optical  receiver  design.  Its  value  can  be  increased  simply 
by  following  the  optical  receiver  with  a  gain  block.  This  "gain  block"  Is  a 
standard  microwave  amplifier  and  can  be  readily  designed  or  obtained 
commercially. 

The  Input  equivalent  noise  current  spectral  density  calculated  from  the 
results  In  Figure  11  Is  plotted  In  Figure  12  together  with  results  predicted 
from  theory  and  conputer  simulation  (SPICE  program).  The  Input  equivalent 
noise  current  spectral  density  due  to  the  first  amplifier  stage  Is  given  by 

Cl,  2]. 


N(f)  -  +  2elb  +  ^  (2*  VTCT)?f2  ♦  4kTrbb,  (2*  Cd$f)2f2  (1) 

where  Rp  is  the  parallel  combination  of  the  feedback  resistance  and  the 
base  bias  resistance  of  the  first  stage. 


Ib  and  Ic  are  the  base  and  collector  bias  current  of  0^ 


ATTEN  10  dB  -131.84  dBm  (1Hz) 


Figure  11.  Measured  noise  spectrum  of  prototype  A  followed  by  a  10  MHz-1.3  GHz 
amplifier  module  with  26  dB  gain. 


INPUT  NOISE  SPECTRAL  DENSITY  |A2/Hz) 


rbb.  Is  the  base  spreading  resistance  of  Qj 
Cj  Is  the  total  Input  capacitance 

Cdsf  Is  the  sun  of  the  detector,  stray  capacitance  and  the  feedback 
capacitance. 

k  Is  the  Boltzmann  constant 
T  Is  the  absolute  temperature 
e  Is  the  change  of  an  electron 
and  Vj  Is  a  constant  given  by: 

VT  =  kT/e  (2) 

The  first  term  In  equation  (1)  Is  due  to  the  thermal  noise  of  the 
feedback  resistance  and  base  bias  resistance.  The  second  term  Is  due  to  the 
shot  noise  of  the  base  current.  Both  these  noise  contributions  are  flat  with 
frequency.  The  third  and  fourth  terms  which  are  due  to  the  collector  shot 
noise  and  the  base  spreading  resistor  thermal  noise.  Increases  with  frequency 
as  fc.  All  four  conponents  are  shown  In  Figure  12. 

The  Input  equivalent  noise  current  spectral  density  of  the  complete 
receiver  amplifier  as  simulated  by  SPICE  program  Is  shown  as  the  solid 
curve.  It  Is  slightly  higher  than  the  sum  of  the  four  components  above 
because  of  noise  contribution  from  the  second  stage. 

The  measured  Input  equivalent  noise  Is  shown  In  Figure  12  as  a  dotted 
line.  It  can  be  observed  that  the  experimental  results  agree  well  with  the 
predicted  values.  The  input  equivalent  noise  spectral  density  Is  9pA//HF 
with  a  3  dB  noise  corner  frequency  of  approximately  920  MHz.  The  Input  noise 
power  averaged  over  the  0  to  1  GHz  band  can  therefore  be  evaluated  to  be 
1.13  x  10*1 3  A2.  This  corresponds  to  an  Input  equivalent  noise  resistance  of 
146  ohm.  The  noise  level  achieved  Is  1.6  dB  bettem  than  the  required 


specification  of  100  ohm  equivalent  noise  resistance, 


The  optical  receiver  performance  thus  exceeds  the  required  specifications 
In  both  frequency  response  and  noise  performance. 

The  measured  output  reflection  coefficient  S22  of  receiver  prototype  A  Is 
shown  In  Figure  13.  It  can  be  observed  that  the  reflection  Increases  at  high 
frequencies.  At  1  GHz  we  have: 

|S22|  -  -12.3  dB  *  0.242 

The  corresponding  voltage  standing  wave  ratio  (VSWR)  Is: 

1  +  |s22| 

VSWR  *  1  ---pgr  * 1>64 


Thus  over  the  0  to  1  GHz  frequency  band,  the  worst  case  VSWR  ratio  Is  1.64. 

The  receiver  prototype  R  has  also  been  fully  characterized  under  the  same 
test  set-up.  This  prototype  Is  chosen  from  a  substrate  with  a  different 
resistivity.  The  corresponding  circuit  conponent  values  are  shown  *n  Figure 
14.  Therefore,  this  prototype  can  be  used  to  check  the  design  sensitivity  of 
conponent  tolerances. 

Essentially,  the  same  performance  as  with  prototype  A  Is  obtained.  The 
frequency  response  of  prototype  B  obtained  on  the  optical  network  analyzer  Is 
shown  In  Figure  15.  The  output  noise  spectrum  after  amplification  by  the  HP 
amplifier  module  Is  shown  In  Figure  16.  Again,  the  frequency  roll-off  after 
1.3  GHz  Is  due  to  the  HP  amplifier.  Both  plots  are  Identical  to  those  of 
prototype  A. 

The  measured  output  reflection  coefficient  $22  of  receiver  prototype  B  Is 
shown  In  Figure  17.  Again,  It  can  be  observed  that  the  reflection  Increases 
with  frequencies.  At  1.3  GHz  we  obtain: 


RECEIVER  REV  A  S22  PHASE  AND  MAGNITUDE 


reflection  coefficient  of  prototype  A. 


1.3GHz  ANALOG  OPTICAL  RECEIVER  PROTOTYPE  B  3/0/83 


Figure  15.  Frequency  response  of  prototype  B 


MKR  1.000  GHz 

ATTEN  10  dB  -137. 5B  dBm  (1Hz) 


IW  3  MHz  VBW  1  kHz  SWP  2.00 

Figure  16.  Output  noise  spectrum  of  prototype  B  after  amplification  by  HP 
amplifier  module. 


3  GHz  RECEIVER  REV  0  S22  PHASE  S  MAGNITUDE 


Figure  17.  Output  reflection  coefficient  S22  of  prototype  B 


|s22|  -  -  12.9  dB  -  0.226 


corresponding  to  a  VSWR  of 

1  ♦  ls22l 

VSWR  -  , - rr  -t-  •  1-58 

1  ‘  P22! 

Thus,  In  summary,  the  1.3  pm  optical  receiver  has  been  designed  and 
fully  tested.  The  experimental  results  of  the  two  prototypes  fabricated  are 
essentially  the  same  and  In  agreement  with  performances  predicted  from  theory 
and  computer  simulation.  The  optical  receiver  frequency  response  Is  flat  to  + 
0.5  dB  up  to  2  GHz  with  a  3  dB  bandwidth  of  2.2  GHz.  It  Is  flat  to  +0.25  dB 
over  the  0  to  1.3  GHz  frequency  band.  In  addition  to  this  excellent  frequency 
response.  It  also  possesses  really  low  noise  performance.  The  Input 
equivalent  noise  spectral  density  achieved  Is  9pA//Hz  with  a  3  dB  comer 
frequency  of  920  MHz.  This  corresponds  to  an  Input  equivalent  noise 
resistance  of  146  ohms.  Both  noise  level  and  bandwidth  capability  exceed 
design  goals. 
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1  GHz  RECIRCULATING  DELAY  LINE  SYSTEM  ANALYSIS 


3.1  System  Analysis  and  Performance 

The  preliminary  system  analysis  of  the  Recirculating  Delay  Line  was 
carried  out  In  the  previous  phase  (contract  number  N00014-81-C-2412,  "1  GHz 
Bandwidth  Recirculating  Optical  Analog  Repeater").  In  this  report,  we  will 
refine  and  extend  the  previous  analysis  and  derive  the  specifications  for  the 
necessary  conponent  requirements. 

A  block  diagram  of  the  recirculating  delay  line  is  shown  in  Figure  18. 

It  consists  of  4  main  components:  an  optical  transmitter,  a  transmission 
single  mode  fiber  as  the  optical  delay  line,  an  optical  receiver,  and  an 
"Interface  amplifier"  for  Input/output  connection. 

The  Input  to  the  delay  line  Is  referred  to  as  the  "broadband  access 
port".  An  electrical  signal  Injected  to  this  port  modulates  the  optical 
transmitter  which  Incorporates  an  Injection  laser  diode.  The  optical 
transmitter  output  is  coupled  Into  the  delay  fiber,  which  is  chosen  to  be 
single  mode  for  minimum  dispersion.  The  operating  wavelength  Is  chosen  to  be 
In  the  long  wavelength  region,  either  1.3  ym  or  1.55  ym  for  minimum  fiber 
loss.  The  signal  at  the  fiber  output  thus  delayed  by  the  fiber  propagation 
time  Tf.  This  signal  is  then  detected  by  the  optical  receiver,  amplified  by 
the  Interface  amplifier  and  Is  fed  hack  to  the  optical  transmitter.  The 
signal  is  thus  recirculated  around  the  loop.  After  the  desired  times  of 
circulation,  the  delayed  signal  can  be  obtained  at  the  "broadband  monitor 
port".  The  total  delay  time  Is  therefore  given  by  Td  *  nTf  where  n  Is  the 
number  of  circulations  around  the  loop.  A  "loss  Insertion  control"  Is  also 
provided  which  can  be  used  (under  automatic  control)  to  break  up  the  loop  by 
Increasing  the  loop  loss  by  10  dB  or  more  when  necessary. 

The  signal -to-nolse  ratio  (SNR)  of  the  signal  detected  at  the  optical 
receiver  after  the  first  pass  through  the  fiber  Is  referred  to  as  the  Initial 
SNR.  The  initial  SNR  Is  a  function  of  the  optical  power  Incident  on  the 
receiver,  the  receiver  amplifier  noise  level  and  the  Initial  modulation 
Index.  Since  the  recirculating  loop  gain  has  to  be  less  than  unity  for 
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Figure  18.  Recirculating  delay  line  block  diagram. 


stability  reasons,  the  modulation  Idex  decreases  as  the  signal  propagates 
through  the  loop.  Consequently,  the  SNR  decreases  because  of  this  modulation 
Index  decrease  and  receiver  amplifier  noise.  It  can  be  shown  that  the  SNR 
after  n  circulations  through  the  loop,  denoted  by  (SNR)n  Is  related  to  the 
Initial  SNR  denoted  by  (SNR) ^  by: 

<SNR)n  r2-  1 

twtj-  =  7*1-— 

where  p  Is  the  loop  gain  (  $  <  1). 

This  SNR  degradation  Is  plotted  In  Figure  19  versus  the  loop  loss  for  up 
to  10  circulations  around  the  loop.  It  can  be  seen  that  a  small  value  of  loop 
loss  is  desirable  to  minimize  the  SNR  degradation.  However,  the  loop  loss 
should  have  enough  margin  to  allow  for  variation  In  the  amplifier  gain  and  the 
optical  device  transfer  characteristics.  From  Figure  19,  a  loop  loss  value  of 
1  dB  is  the  best  compromise. 

Signal  distortion  in  the  recirculating  delay  line  Is  caused  mainly  by  the 
laser  diode  nonlinearity.  The  degradation  of  second  harmonic  distortion  and 
third  harmonic  distortion  as  the  signal  circulates  through  the  loop  has  been 
evaluated.  The  distortion  degradations  are  plotted  in  Figures  20  and  21  as  a 
function  of  the  loop  loss  for  up  to  10  circulations  through  the  loop.  It  can 
be  observed  that  as  far  as  distortion  is  concerned,  a  high  value  of  loop  loss 
is  desirable  because  this  would  result  in  a  decreasing  modulation  Index  when 
the  signal  circulates  through  the  loop.  Since  the  laser  nonlinearity 
decreases  with  modulation  Index,  the  distortion  degradation  Is  less  for  a 
higher  value  of  loop  loss. 

laser  diode  nonlinearity  have  been  analyzed  theoretically  and  measured 
experimental 1y[3],  To  obtain  good  linearity,  the  laser  has  to  be  biased  well 
above  the  threshold.  The  laser  harmonic  distortion  Increases  with  frequency 
and  with  modulation  Index.  Typical  second  and  third  harmonic  distortion  for 
good  quality  laser  diodes  are: 
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and  third  harmonic  distortion. 


The  distortion  Is  thus  dominated  by  the  second  harmonic.  In  addition, 
second  harmonic  distortion  is  normally  inversely  proportional  to  the 
modulation  index  [3],  Thus,  the  signal -to-dlstortlon  ratio  at  modulation 
Indices  other  than  0.5  can  be  derived  from  the  above  specification. 


Suppose  that  we  want  to  achieve  a  desired  value  for  the  final  SNR  and 
signal -to-dlstorti on  ratio  (SDR)  at  the  delay  line  output.  For  a  given  number 
of  circulation  n,  the  initial  SNR  and  SDR  requirement  after  the  first 
circulation  can  be  derived  from  Figures  19  and  20.  Based  on  the  laser 
nonlinearity  properties,  the  maximum  Initial  modulation  Index  that  can  still 
satisfy  the  Initial  SNR  requirement  can  then  be  derived.  Then  the  required 
input  optical  power  required  at  the  optical  receiver  input  to  satisfy  the  SNR 
requirement  can  be  evaluated.  The  maximum  allowable  fiber  length  and  the 
achievable  delay  time  can  thus  be  calculated. 

A  sample  result  of  the  above  calculation  is  shown  in  Figure  22  where  the 
achievable  delay  time  is  plotted  as  a  function  of  the  number  of  circulation 
n.  The  parameter  values  used  for  the  calculation  are  as  follows: 


signal -to-nolse  ratio 
signal -to-dlstortlon  ratio 
operating  wavelength 
fiber  loss 

Input  equivalent  noise 
resistance  of  receiver  amplifier 
laser  coupled  power 
p-1-n  detector  quantum 
efficiency 
loop  loss 


SNR  -  30  dB 
SDR  *  30  dB 
X  *  1.3 
a  *  0.5  dB/km 

-  100  Q 
FL  »  0  dBm 

n  ■  1  dB 
0  ■  1  dB 


TOTAL  DELAY  (mil 


Figure  22.  Achievable  deity  versus  m*ber  of  circulation  n  for  a  laser 
coupled  power  of  0  dBw  and  SNR  *  30  dB,  SDR  *  30  dB. 
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The  total  achievable  delay  time  Is  calculated  for  three  representative 
1.3  pm  photodetectors:  an  InGaAs  p-1-n  photodiode,  a  Ge  APD  (k*l)  and  an 
InGaAs  APD  (k»0.25).  The  hypothetical  case  of  a  "Sl-llke"  APD  (k-0.03)  at 
1.3  pm  and  the  quantum  limit  are  also  Included  for  coiqparlson.  It  can  be 
observed  that  there  exists  an  optimum  number  of  circulations  that  maximize  the 
total  delay  time.  The  achievable  delay  time  Is  0.46  ms  (n=6)  for  the  p-1-n 
photodiode,  0.55  ms  (n«5)  for  the  Ge  APD,  0.60  ms  (n=5)  for  the  InGaAs  APD, 
0.66  ms  (n *5)  for  the  hypothetical  "Sl-llke"  APD,  and  0.86  ms  (n*6)  for  the 
Ideal  quantum  limit  case. 

It  should  be  noted  that  the  achievable  delay  times  stated  above  are  for 
the  case  of  a  fiber  loss  of  0.5  dB/km.  If  fiber  loss  Is  lower  (e.g.  by  moving 
to  1.5  pm  region),  the  delay  time  Is  correspondingly  higher. 

The  choice  of  initial  modulation  Index  to  satisfy  the  requirement  of 
30  dP  final  signal-to-dlstortlon  ratio  at  the  delay  line  output  Is  plotted  in 
Figure  23.  For  the  above  case,  the  Initial  modulation  index  is  0.4  (for  n=5) 
and  0.35  (for  n=6). 

The  achievable  delay  time  can  be  increased  by  Improving  the  laser  optical 
power  coupled  to  the  fiber.  The  achievable  delay  time  has  been  calculated  as 
a  function  of  the  laser  coupled  power.  The  results  are  shown  in  Figure  24. 

It  can  be  seen  that  If  the  laser  coupled  power  can  be  improved  to  6  dBm,  a 
delay  time  of  approximately  1  ms  can  be  achieved. 

The  same  calculation  has  been  carried  out  for  a  delay  line  SNR  and  S0R 
requirement  of  25  dB.  The  choice  of  Initial  modulation  Index  to  satisfy  the 
25  dB  SOR  requirement  Is  shown  In  Figure  25.  The  total  achievable  delay  time, 
as  shown  in  Figure  26.  For  a  laser  coupled  power  of  0  dBm,  the  achievable 
delay  time  Is  0.90  ms  (n *10)  for  the  p-1-n  photodiode,  1.1  ms  (n=9)  for  the  Ge 
APD,  1.21  ms  (n*9)  for  the  InGaAs  APD,  1.32  ms  (n«9)  for  the  hypothetical  "Sl- 
llke"  APD  and  1.67  ms  (n«10)  for  the  quantum  limit  case.  Thus,  for  this  case, 
the  optimum  number  of  '■irculatlon  around  the  loop  Is  9  or  10,  and  the  Initial 
modulation  Index  Is  approximately  0.45. 
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Figure  26.  Achievable  delay  versus  laser  coupled  power  for  25  dB  SNR  &  SDR 
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Specifications  for  a  1  GHz -lms  Delay  Line 


In  this  section,  we  consider  the  feasibility  and  necessary  conponent 
specifications  for  a  delay  line  with  a  bandwidth  of  1  GHz  and  a  delay  time  of 
1  ns.  A  simple  1.3  urn  p-1-n  photodiode  Is  assumed  In  the  optical  receiver. 

For  a  total  delay  time  of  1  ms,  the  total  equivalent  fiber  length  (after 
the  optimum  number  of  circulations  n)  Is  200  km.  For  a  delay  line  bandwidth 
of  1  GHz,  the  fiber  bandwidth  has  to  be  better  than  200  GHz-km,  preferrably  at 
around  500  GHz-km.  In  order  to  achieve  this  extremely  wide  bandwidth 
requirement,  the  laser  wavelength  has  to  be  tightly  retched  to  the  minimum 
dispersion  length  of  the  fiber.  It  has  been  reported  that  at  the  minimum 
dispersion  wavelength,  a  pulse  dispersion  of  less  than  30  ps  was  obtained 
after  transmission  through  27  km  of  single  mode  fiber.  This  Is  equivalent  to 
a  fiber  bandwidth  of  more  than  200  GHz-km. ^  This  wide  bandwidth  is  achieved 
even  when  the  laser  spectral  width  (FWHM)  is  7  nm.  For  typical  laser  spectral 
width  of  2  to  4  nm,  the  500  GHz-km  bandwidth  can  be  achieved  readily.  In  this 
context,  it  should  be  noted  that  at  the  minimum  dispersion  wavelength,  the 
dispersion  Is  proportional  to  the  square  of  the  laser  spectral  width.  Thus  a 
reduction  by  2  of  the  laser  spectral  width  corresponds  to  a  reduction  in  fiber 
dispersion  by  a  factor  of  4. 

The  laser  wavelength  Is  sensitive  to  temperature  variation.  Therefore, 

In  order  to  maintain  the  tight  matching  between  the  laser  wavelength  and  the 
fiber  minimum  dispersion  wavelength,  the  laser  has  to  be  temperature- 
stabilized. 

When  the  above  fiber  bandwidth  condition  Is  satisfied,  the  pulse 
dispersion  at  the  final  output  of  the  delay  line  due  to  fiber  dispersion  Is  of 
the  order  of  100  ps. 

Suppose  that  a  slgnal-to-nolse  and  slgnal-to-dlstortlon  ratio  of  30  dB  Is 
required.  For  a  fiber  loss  of  0.5  dfi/km,  it  can  be  seen  from  Figure  24  that 
In  order  to  achieve  1  ms  delay  time,  a  coupled  laser  power  of  + 7  dBm  (5  nW)  Is 
necessary.  For  typical  coupling  efficiency  of  4  dB  (40%)  from  laser  to  single 
mode  fiber,  the  laser  power  Into  air  therefore  has  to  be  of  the  order  of  11 
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The  number  of  circulations  In  this  case  Is  10.  Therefore  the  Initial 
signal -to-nolse  ratio  requirement  can  be  determined  from  Figure  19  to  be  46 
dB.  The  Initial  modulation  Index  can  be  found  from  Figure  23  to  be  0.25  for 
10  circulations  around  the  loop.  The  above  requirements  translate  to  a  dc- 
slgnal -to-nolse  ratio  of  148  dB/Hz  for  the  laser.  This  Is  Indeed  a  very  tight 
requirement  considering  the  fact  that  this  Is  the  laser  noise  after  the 
effects  of  optical  feedback,  mode  partition  noise  and  modal  polarization 
noise. 

The  above  design  process  can  be  repeated  for  the  case  of  25  dR  SNR  and 
SOR.  From  Figure  26,  a  coupled  laser  power  of  1  dBm  (1.25  ir(W)  Is  required. 

The  number  of  circulations  In  this  case  Is  also  10.  Thus  the  initial 
modulation  Index  can  be  found  from  Figure  25  to  be  0.45.  The  Initial  signal- 
to-nolse  ratio  requirement  can  be  determined  from  Figure  19  to  be  41  dB. 
Therefore,  the  required  dc-signal -to-nolse  ratio  of  the  laser  Is  138  dB/Hz. 

3. 3  1.55  pm  Wavelength  Operation 

The  previous  cases  are  for  an  operating  wavelength  at  the  minimum 
dispersion  wavelength  around  1.3  pm  .  In  this  section,  we  consider  the  delay 
line  operating  at  the  minimum  loss  wavelength  of  silica  fibers  which  is  around 
1.55  pm  . 

There  are  two  alternatives  of  operating  at  1.55  pm  In  order  to  avoid  the 
fiber  dispersion  problem.  One  approach  Is  to  use  standard  single  mode  fiber 
with  minimum  dlsperson  at  1.3  pm  .  For  operation  at  1.55  nn  ,  these  fibers 
typically  have  a  dispersion  coefficient  of  15  to  20  ps/km/nm.  Thus,  a  truly 
single  longitudinal  mode  laser,  (even  under- direct  modulation)  Is  required  to 
avoid  the  fiber  dispersion.  This  laser  Is  often  referred  to  as  single  mode 
stabilized  laser  or  dynamic  single  mode  (DSM)  laser.  Mode  stabilization  Is 
necessary  because  nominally  single  mode  lasers  at  CW  tend  to  oscillate  In  many 
modes  when  being  directly  modulated,  tynamlc  single  mode  lasers  have  been 
achieved  fay  a  variety  of  techniques:  distributed  feedback  (DFB)^^, 


distributed  Brag  reflector  (DBR)^,  Injection  locking^,  external  cavity^, 
short  cavity^,  two-cavity  (or  two-section)^®^,  short-coupled-cavlty 
(SCC)^^,  and  cleaved-coupled-cavlty  (CCC  or  c3)^*].  The  line  widths  of 
these  stabilized  lasers  are  In  the  order  of  1A.  Thus  even  with  the  large 
fiber  dispersion  coefficient,  the  pulse  dispersion  at  the  fiber  output  Is 
negligible. 

The  second  approach  for  1.55  ym  operation  Is  to  design  the  fiber  such 
that  the  minimum  dispersion  wavelength  coincides  with  minimum  loss  wavelength 
at  around  1.55  um  .  Consequently,  a  standard  nominally  single  mode  laser  can 
be  used.  The  fiber  minimum  dispersion  wavelength  can  be  shifted  to  1.55  um 
by  decreasing  the  fiber  core  diameter  and  Increasing  the  refractive  index 
difference  between  the  core  and  cladding  (e.g.  by  using  higher  dopant 
concentration).  These  fibers  are  often  referred  to  as  dispersion-shifted 
fiber.  However,  the  loss  of  dispersion-shifted  fibers  tend  to  be  higher  than 
standard  fibers.  The  best  reported  value  for  dispersion-shifted  fiber  loss  at 
1.55  um  is  0.24  dB/km^13^,  as  conpared  to  0.2  dR/kmt14^  for  standard  fibers. 

Out  of  these  two  approaches,  the  first  approach  of  using  standard  fibers 
with  minimum  dispersion  at  1.3  um  and  dynamic  single  mode  lasers  is  more 
advantageous.  The  fiber  loss  at  1.55  um  Is  lower  and  splice  and  connector 
losses  can  be  expected  to  be  lower  because  of  the  larger  core  size.  The  laser 
Is  truly  single  mode  with  Its  oscillating  wavelength  stabilized.  Thus 
problems  associated  with  mode  partition  noise,  mode  hopping  due  to  spectral 
Instability  are  minimized  If  not  eliminated.  Furthermore,  matching  of  the 
fiber  minimum  dispersion  wavelength  and  the  laser  wavelength  is  not 
required.  Dynamic  single  mode  lasers  are  under  Intensive  research  and 
development  because  of  the  Interest  In  long  hand  high  capacity  transmission 
for  telecommunications  application.  Thus,  considerable  Improvement  In  their 
characteristics  can  be  expected. 

For  the  delay  line  performance  evaluation,  we  assune  a  fiber  loss 
(Including  splices)  of  0.25  dB/km.  This  value  Is  applicable  for  both  of  the 
above  approaches.  Since  this  is  half  the  loss  value  assumed  at  1.3  tan  , 
considerable  Improvement  can  be  expected.  The  achievable  delay  times  are 
twice  the  values  given  In  Figures  24  and  26. 
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First,  let  us  consider  the  case  of  30  dB  SNR  and  SDR.  For  1  ns  delay 
time,  the  laser  output  coupled  Is  determined  from  Figure  24  to  be  about  1  dBm 
(1.25  mW).  The  number  of  circulations  In  this  case  Is  6.  Thus  the  Initial 
signal -to-nolse  ratio  requirement  Is  found  from  Figure  19  to  be  44  dB.  The 
Initial  modulation  Index  is  given  from  Figure  23  as  0.35.  Thus  the  required 
dc  signal -to-nolse  ratio  of  the  laser  Is  143  dB/Hz. 

For  the  case  of  25  dB  SNR  and  SDR,  the  laser  coupled  power  requirement 
can  be  determined  from  Figure  26  to  be  about  -6  dBm.  The  required  number  of 
circulations  Is  also  6.  The  initial  signal -to-nolse  ratio  is  given  from 
Figure  19  as  39  dB.  The  initial  modulation  Index  is  given  from  Figure  25  as 
0.6.  Therefore  the  required  dc  signal -to-noise  ratio  requirement  for  the 
laser  is  134  dB/Hz. 

A  summary  of  the  laser  and  fiber  specifications  for  a  1  GHz-1  ms  delay 
line  is  shown  in  Table  1.  We  can  observe  that  with  present  state-of-the-art 
devices  and  fibers,  a  SNR  and  SOR  of  25  dB  can  be  readily  achieved  at  1.3  um 
operating  wavelength.  The  main  problem  here  is  tight  matching  between  the 
laser  wavelength  and  the  fiber  minimum  dispersion  wavelength.  By  shifting  to 
the  longer  operating  wvelength  of  1.55  um  ,  a  SNR  and  SDR  of  30  dB  can  be 
obtained  with  present  devices  and  fibers.  This  can  be  achieved  by  either  of 
the  two  approaches  outlined  earlier  (using  standard  fibers  and  dispersion- 
shifted  fibers).  The  first  approach  of  using  standard  fibers  and  dynamic 
single  mode  lasers  is  much  more  advantageous. 

3.4  Proposed  Delay  Line  for  Immediate  Implementation 

In  this  section,  we  consider  a  recirculating  delay  line  that  can  be 
Implemented  with  commercially  available  components  at  present. 

For  the  laser  diode,  we  can  take  the  optical  power  coupled  to  the  single 
mode  fiber  pigtail  to  be  -3  dBm  (0.5  mW).  This  value  Is  readily  achieved  with 
present  components  such  as  the  BH  laser  (HLP-5000-S)  from  Hitachi.  The  dc 
signal -to-nolse  ratio  Is  assumed  to  be  better  than  140  dB/Hz.  The  second 
harmonic  distortion  Is  taken  to  be  40  dB  below  the  fundamental  at  a  modulation 
Index  of  0.5. 
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For  the  fiber.  Me  assume  a  standard  single  mode  fiber  with  a  minimum 
dispersion  wavelength  at  1.3  pm  and  a  loss  of  0.5  dB/km  (Including  splices) 
at  1.3  pm  . 

The  SNR  and  SDR  of  the  delay  line  output  Is  taken  to  be  25  dB.  It  can  be 
seen  from  Figure  26  that  a  total  delay  time  of  0.63  ms  can  be  achieved.  The 
number  of  circulations  In  this  case  Is  n=8  and  the  Initial  modulation  Idex  Is 
m*0.5.  The  fiber  length  required  Is  thus  calculated  to  be  16  km.  The  Initial 
SNR  after  the  first  circulation  can  be  derived  from  Figure  19  to  be  38  dB. 

The  required  dc  signal -to-nolse  ratio  of  the  laser  Is  therefore  134  dB/Hz 
which  is  well  within  the  assumed  value  of  140  dB/Hz. 

In  summary,  the  proposed  system  would  have  the  laser  operatiang  at  an 
average  coupled  output  power  of  -3  dBm  and  an  Initial  modulatln  Index  of 
0.5.  The  fiber  length  used  Is  16  km,  corresponding  to  a  total  fiber  loss  (in 
one  circulation)  of  8  dB.  The  output  power  incident  on  the  optical  receiver 
Is  thus  -11  dBm.  After  the  first  circulation,  the  SNR  at  the  optical  receiver 
output  is  38  dB  and  the  SDR  Is  40  dB.  As  the  signal  recirculates  through  the 
loop,  the  SNR  and  SDR  are  reduced.  Finally,  after  8  recirculations 
corresponding  to  a  total  delay  time  of  0.63  ms,  the  SNR  and  SDR  obtained  is  25 
dB. 
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LASER  TRANSMITTER 


As  discussed  in  the  previous  section,  the  performance  of  the  laser 
transmitter  is  very  critical  to  the  delay  line  operation.  The  laser  has  to 
satisfy  the  specified  requirements  with  regard  to  its  coupled  power,  noise, 
spectrum  characteristics,  harmonic  distortion,  bandwidth...  Coupling  method 
between  the  laser  and  the  single  mode  fiber  is  also  Important  because  of 
potential  noise  and  distortion  enhancement  due  to  optical  feedback  to  the 
laser  cavity.  Therefore,  the  selection  of  the  laser  and  its  package  Is  very 
critical.  Since  mode-stabilized  dynamic  single  mode  lasers  are  not 
commercially  available  at  present,  we  have  to  select  the  laser  from  a  variety 
of  nominal  single  mode  lasers.  These  typically  have  index-guided  structures 
such  as  BH,  CSP,  TJS...  Also  for  operation  at  1.3  um  ,  the  laser  wavelength 
has  to  be  selected  to  match  the  fiber  minimum  dispersion  fiber. 

It  has  been  determined  previously  that  for  1.3  un  operation,  a  laser 
coupled  power  of  7  dBm  is  necessary  for  30  dB  SNR  and  SOR.  The  development  of 
high  power  lasers  at  1.3  um  is  thus  very  beneficial.  Wb  have  undertaken  an 
Investigation  of  the  possible  output  power  and  limitation  of  high  power 
lasers.  The  results  are  given  in  Appendix  1. 

In  addition  to  the  laser  optical  power  and  noise  characteristics,  the 
laser  transmitter  Itself  has  to  satisfy  the  electrical  characteristics 
regarding  Impedance  matching  and  transfer  function.  A  input  VSWR  of  less  than 
2:1  is  desirable  over  the  0-1  GHz  frequency  band.  The  frequency  response  of 
the  laser  transmitter  should  be  flat  to  *0.25  dB  over  the  above  working 
frequency  band. 

To  determine  the  feasibility  of  such  a  flat  bandwidth  laser  transmitter, 
we  have  designed  and  fabricated  a  breadboard  transmitter.  The  laser  used  Is  a 
Hitachi  burled  heterostructure  laser  at  1.3  \tn  (HLP  5500)  in  a  fiber  pigtail 
package  which  Is  mounted  on  a  50  ohm  micro  strip  line  configuration.  The 
laser  stray  and  package  capacitance  and  Inductance  are  taken  Into  account  in 
designing  the  microstrip  circuit.  A  photograph  of  the  breadboard  transmitter 
Is  shown  In  Figure  27.  Its  frequency  response  Is  measured  by  using  the 
ultrafast  p-1-n  detector  (QD-100-UHS  from  Lasertron).  The  frequency  response 
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measured  on  the  1.3  GHz  optical  network  analyzer  Is  shown  In  Figure  28.  It 
can  be  observed  that  the  response  Is  flat  to  ±0.25  dB  over  the  0-1.3  GHz 
frequency  band  of  the  test  Instrument.  Another  measurement  up  to  2.5  GHz 
using  the  sweep  frequency  synthesizer  and  spectrum  analyzer  arrangement  Is 
shown  In  Figure  29.  The  response  Is  flat  to  ±0.5  dB  up  to  2.5  GHz. 

The  above  excellent  performance  was  achieved  even  when  the  laser  Is 
already  packaged.  In  the  next  phase  of  the  program,  the  laser  will  probably 
be  purchased  In  chip  form  on  a  submount  to  eliminate  extra  stray  capacitance 
and  Inductance  due  to  the  package.  Thus  even  better  performance  can  be 
expected. 

A  passive  laser  driver  as  described  previously  has  the  advantage  of 
simplicity  and  excellent  linearity.  An  obvious  disadvantage  is  that  since  the 
laser  transmitter  Input  Impedance  is  50  ohm,  the  driving  voltage  swing  can  be 
quite  high.  However,  if  BH  lasers  with  a  threshold  current  of  15  mA  are  used, 
the  driving  voltage  swing  required  is  only  750  mV  for  a  modulation  up  to  twice 
the  threshold.  This  level  can  be  readily  accomodated  by  the  interface 
amplifier. 

An  active  laser  transmitter  using  either  GaAs  l£SFET's  or  silicon 
microwave  bipolar  transistor  can  also  be  used.  However,  it  is  more  complex 
and  linearity  In  an  Issue.  Therefore,  it  was  decided  that  a  passive  laser 
driver  as  described  previously  is  a  better  choice. 
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Figure  28.  Frequency  response  of  laser  transmitter. 
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Frequency  response  of  laser  transmitter  up  to  2.5  GHz. 
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CONCLUSIONS 


In  this  report,  we  have  Investigated  the  feasibility  of  realizing  a  1 
GHz-lms  recirculating  delay  line  using  single  mode  fibers  as  the  delay 
medium.  The  total  achievable  delay  time  was  predicted  for  various  types  of 
photodetectors  as  well  as  signal -to-nolse  ratio  and  slgnal-to-dlstortlon  ratio 
requirement.  It  was  shown  that  with  present  state-of-the-art  components,  a 
SNR  and  SDR  of  25  dB  can  be  readily  achieved  at  1.3  pm  operating 
wavelength.  By  shifting  to  1.55  urn  wavelength,  a  SNR  and  SDR  of  30  dB  can  be 
obtained.  This  can  be  achieved  by  two  approaches:  (1)  using  standard  fiber 
with  minimum  dispersion  at  1.3  ym  and  dynamic  single  mode  lasers  or  (2) 
using  dispersion-shifted  fiber  with  minimum  dispersion  at  1.55  ym  and 
nominally  "single  mode"  lasers.  The  first  approach  Is  more  advantageous 
because  of  minimum  noise  due  to  laser-fiber  Interactions  (mode  partition, 
optical  feedback,  ...)  and  there  Is  no  need  for  tight  matching  of  the  laser 
wavelength  and  fiber  minimum  dispersion  wavelength.  On  the  other  hand.  If  for 
some  other  reason  operation  at  1.3  ym  wavelength  is  required,  then  a  higher 
power  "single  mode"  laser  with  7  dRm  coupled  optical  power  output  needs  to  be 
developed  In  order  to  satisfy  the  30  dB  SNR  and  SDR  requirement.  We  have  also 
Indicated  other  required  specifications  for  the  laser  and  fiber  in  each  of  the 
above  cases. 

Several  key  components  that  are  essential  towards  the  realization  of  the 
delay  line  have  also  been  demonstrated.  An  optical  receiver  with  a  +0.25  dB 
flat  bandwidth  of  more  than  1.3  GHz  has  been  fabricated.  In  fact  the  receiver 
response  Is  +0.5  dB  flat  to  2  GHz.  The  receiver  also  has  an  extremely  low 
noise  level.  The  Input  equivalent  noise  spectral  density  Is  measured  to  be 
9pA//Hz  with  a  noise  corner  frequency  of  920  MHz.  This  corresponds  to  an 
Input  equivalent  noise  resistance  of  146  ohm  over  the  0-1  GHz  frequency  band. 

I 

A  laser  transmitter  breadboard  has  also  been  fabricated  and  tested.  A 
frequency  response  of  t-.25  dB  flatness  up  to  1.3  GHz  was  also  demonstrated. 
The  laser  transmitter  Is  *0.5  dB  flat  up  to  2.5  GHz. 

In  summary,  the  feasibility  of  the  optical  conponents  have  al rea<Jy  been 
demonstrated.  The  remainder  of  the  system  Is  fully  electronic  and  can  be 
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readily  Implemented  using  microwave  circuit  techniques.  Therefore,  with  the 
proper  choice  of  laser  and  fiber,  a  delay  line  of  1  GHz  bandwidth  and  1  ms 
delay  time  can  be  realized. 
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Figure  Captions 


Figure  1.  Schematic  of  1.3  pm  optical  receiver. 

Figure  2.  Thin  film  hybrid  circuit  layout  of  1.3  i/n  optical  receiver. 

Figure  3.  Photograph  of  1.3  pm  optical  receiver  prototype. 

Figure  4.  Prototype  A  scnematic  diagram. 

Figure  S.  Optical  network  analyzer  set  up  (up  to  1.3  GHz). 

Figure  6.  Photograph  of  the  frequency  response  measurement  set  up. 

Figure  7.  Amplitude  and  phase  response  of  receiver  prototype  A  using  RCA  p- 

i-n  diode  as  reference  detector. 

Figure  8.  Frequency  response  of  receiver  prototype  A  using  ultra  fast 
Lasertron  p-i-n  diode  as  reference  detector. 

Figure  9.  Measurement  set  up  for  frequency  measurement  up  to  2.5  GHz. 

Figure  10.  Frequency  response  of  prototype  A  (measured  up  to  2.4  GHz). 

Figure  11.  Measured  noise  spectrum  of  prototype  A  followed  by  a  10  MHz-1.3 
GHz  amplifier  module  with  26  dB  gain. 

Figure  12.  Input  equivalent  noise  spectral  density  of  prototype  A. 

Figure  13.  Output  reflection  coefficient  S££  of  prototype  A. 

Figure  14.  Prototype  B  schematic  diagram. 

Figure  15.  Frequency  response  of  prototype  B. 

Figure  16.  Output  noise  spectrum  of  prototype  B  after  amplification  by  HP 

amplifier  module. 

Figure  17.  Output  reflection  coefficient  S22  of  prototype  B. 

Figure  18.  Recirculating  delay  line  block  diagram. 

Figure  19.  Slgnal-to-nolse  ratio  degradation  of  recirculating  delay  line. 

Figure  20.  Second  harmonic  distortion  degradation. 

Figure  21.  Third  harmonic  distortion  degradation. 

Figure  22.  Achievable  delay  versus  number  of  circulation  n  for  a  laser 
coupled  power  of  0  dBm  and  SNR  »  30  dB,  SDR  »  30  dB. 

Figure  23.  Initial  modulation  index  for  SDR  >  30  dB. 
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Figure  24. 
Figure  25. 
Figure  26. 
Figure  27. 
Figure  28. 
Figure  29. 


Achievable  delay  versus  laser  coupled  power  for  30  dB  SNR  &  SDR. 
Initial  modulation  Index  for  SOR  =  25  dB. 

Achievable  delay  versus  laser  coupled  power  for  25  dB  SNR  &  SOR. 
1.3  um  laser  transmitter  breadboard. 

Frequency  response  of  laser  transmitter. 

Frequency  response  of  laser  transmitter  up  to  2.5  GHz. 
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APPENDIX  1 


HIGH  POWER  LONG  WAVELENGTH  LASERS 


1.1  Introduction 

Factors  limiting  maximum  power  levels  of  semiconductor  lasers  include 
heat  sinking,  facet  damage,  mode  stability  and  degradation.  While  heat 
sinking  and  degradation  influence  the  long  term  reliability,  facet  damaae  and 
mode  stability  must  be  considered  for  short  term  operation. 

1.2  Device  Considerations 

1.2.1  Catastrophic  Mirror  Damage 

Catastrophic  mirror  damage  (CMD)  can  limit  the  maximum  power  delivered  by 

a  semiconductor  laser.  This  is  caused  by  heating  due  to  absorption  of  optical 

power  at  the  mirror  facet  where  a  high  density  of  surface  recombination 

centers  reside.  Above  a  critical  optical  power  density,  the  active  layer 

melts  and  CMD  results.  For  GaAs/AlGaAs  lasers,  CMD  occurs  at  approximately 

15  mW/ym2  ^Re^‘  for  CW  operation.  Long  wavelength  devices  based  on  the 

InGaAsP/InP  material  system  have  shown  higher  damage  thresholds  of  >  45 
2 

mW/ym  .  Higher  powers  can  be  sustained  by  facet  coating.  This  is  regularly 
applied  to  many  GaAs/AlGaAs  lasers  to  increase  the  maximum  power  and  device 
reliability,  but  has  not  been  considered  to  be  essential  for  InGaAsP  lasers. 

1.2.2  Mode  Stability 

Although  not  a  limit  to  high  power  operation,  mode  stability  is  important 
in  applications  where  coupling,  focusing  or  linearity  are  critical.  Often, 
stable  operation  in  the  fundamental  transverse  is  preferred.  This  can  be 
achieved  by  a  suitably  chosen  waveguide  structure  for  the  laser.  For  example, 
the  buried  heterostructure  (BH)  laser  *2]  (p^ure  Ai)f  which  has  a 
rectangular  slab  waveguide,  can  be  fabricated  so  as  to  eliminate  the  higher 
order  mode.  For  a  0.1  urn  thick  active  layer,  this  cutoff  occurs  when  the  waveguide 
width  is  less  than  2  urn. 

A  single  longitudinal  mode  Is  sometimes  also  desirable,  such  as  In  sinale 
mode  high  bandwidth  communication  links.  While  some  commercial  laser  claim 
single  longitudinal  mode,  they  do  not  possess  any  mechanism  that  effectively 
eliminates  other  modes.  Even  If  a  single  mode  exists  under  d.c.  bias,  other 
modes  usually  appear  at  high  modulation  rates.  Noteworthy  among  various 


"active"  mechansims  devised  for  slnqle  mode  operation  are:  (A)  short  cavity 
(<100  y  compared  to  300  y)3  ^Re^'  A3^;  (B)  3-mlrror  cavity^Ref*  and 
(C)  cleave  coupled  cavity^Re^*  A5^.  Method  (A)  widens  the  cavity  Fabry-Perot 
mode  separation  so  that  only  one  mode  lies  close  to  the  gain  peak.  However, 
the  short  cavity  also  reduces  the  outout  power  drastically.  (B)  and  (C)  uses 
Interference  between  two  F-P  cavities  also  to  separate  the  resonatina  modes 
further.  Method  (C)  has  also  been  demonstrated  to  possess  tuning  capability. 

1.2.3  Heat  Sinking 

Since  laser  threshold  1^  increase  with  temperature  by  Ith  a  exp(T/TQ), 
where  TQ  is  typically  60-80°K,  thermal  runaway  may  occur  when  the  device  is 
operated  CW  with  a  poor  heat  sink.  Presently  heat  sink  thermal  resistances  of 
~  15-20°  C/W  can  be  routinely  produced.  These  values  are  adequate  for  most 
lasers  with  operating  currents  <200  mA.  For  optimum  heat  dissipation,  the 
laser  active  area  should  also  be  Increased. 

1.2.4  Long  Term  Reliability 

This  is  one  area  where  less  quantitative  statistical  data  is  available. 
The  general  fact  is  shorter  lifetime  at  higher  temperatures  and  hiaher  optical 
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power  densities.  Expected  lifetimes  at  6  mW,  25°C  is  in  excesr  of  10 
hours.  Therefore,  for  initial  short  term  studies,  this  is  not  expected  to 
pose  any  serious  problem. 


1.3  High  Power  Laser  Designs 

In  light  of  the  above  discussions,  a  high  power  1.3  y  laser  {>10  mW)  can 
easily  be  fabricated  even  without  facet  coating.  A  burled  heterostructure 
laser  with  2  y  wide  active  region  can  be  biased  way  above  threshold  to  output 
such  power.  However,  for  reliability  consideration,  this  may  not  be 
desirable.  Other  methods  that  have  been  suggested  include  various  ways  to 
increase  the  lasing  spot  size  to  Iwer  the  optical  power  density  both  at  the 
mirror  and  In  the  waveguide.  This  also  facilitates  heat  dissipation  from  the 
active  region.  For  example,  by  using  a  strip  loaded  structure^**  ^ ,  the 
lasing  spot  size  can  be  widened  to  5  y  while  still  maintaining  single  lateral 
mode.  With  this  structure,  power  as  high  as  40  mM  can  be  achieved.  Another 
method,  aimed  at  attaining  very  high  power,  combines  laser  outputs  from  several 
lasers  coherently.  These  phase  locked  arrays  have  produced  output  powers  as  high 
as  1.5  M  CM  In  6aAs/A16aAs^R*^‘  ^  lasers.  The  same  concept  can  be  applied  to 
quaternary  In6aAsP  lasers. 
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1.4  Suggested  Laser  Designs 

1.4.1  High  Power  Strip  Loaded  Lasers 

The  design  is  shown  in  Figure  A2.  The  active  layer  is  "strip  loaded"  by 
lightly  etching  the  sides  either  by  wet  chemical  or  dry  etching.  A  regrowth 

of  semi-insulating  InP  on  the  sides  will  provide  perfect  current  confinement 

and  ensure  low  threshold  current.  We  expect  !th  -40-60  mA  and  power  output 
easily  in  excess  of  30  mW.  The  growth  of  semi -insulating  InP  has  recently 
been  demonstrated  in  our  laboratory.  In  our  opinion,  this  structure  is  the 
simplest  way  to  achieve  powers  up  to  30  mW. 

The  only  drawback  is  the  unknown  reliability  of  such  a  laser.  Regrowth 

is  routinely  performed  in  BH  laser  fabrication  and  does  not  seem  to  affect 

reliability  adversely.  However,  the  dopants  used  in  obtaining  the  S.I.  InP 
could  contribute  to  degradation,  although  the  doping  level  is  so  low  that  we 
do  not  think  it  would. 

1.4.2  Curved  Waveguide  Structure 

As  illustrated  in  Figure  A3,  the  active  layer  is  curved  as  a  result  of 
growth  on  an  etched  channel.  This  structure  has  been  demonstrated  by 
Murotam'[Ref *  8A^  et.al.  and  in  excess  of  6  mW  at  2Ith.  With  further  improvement 
in  growth  control,  10  mW  should  be  possible. 

1.5  Conclusion 

In  conclusion,  it  is  our  view  that  output  powers  of  30  mW  or  more 
can  easily  be  within  reach  of  our  present  technology. 
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Figure  Al.  Burled  Heterostructure  Laser. 
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Figure  A2.  High  Power  Strip-Loaded  Laser. 
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